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VI. " On the Lifting Power of Electromagnets and the Mag- 
netisation of Iron." By Shelford Bidwell, M.A., LL.B. 
Communicated by Lord Rayleigh, Sec. U.S. Received 
June 1, 1886. 

I believe that no very recent investigations have been made with 
reference to the maximum lifting power which an electromagnet is 
capable of exerting, and the experiments conducted by Joule between 
the years 1839 and 1852 still form the basis of most of our practical 
knowledge on the subject.* 

It is a matter of common experience that if an electromagnet be 
excited by a gradually increasing current a limit is soon reached, 
beyond which the ratio of increase of sustaining power to increase of 
current becomes rapidly smaller ; and it has generally been assumed 
that this ratio continues to diminish indefinitely, so that an infinite 
current would not impart to a magnet much greater lifting power 
than that which it possesses when an approach to saturation is first 
indicated. 

Joule, after having shown by experiment that the power of an 
electromagnet varies as its sectional area, expressed the opinion that 
" no force of current could give an attraction equal to 200 lbs. per 
square inch," f and much later Rowland stated, J as a probable result 
of his well-known researches in magnetic permeability, that the 
greatest weight which could be sustained by an electromagnet with an 
infinite current was, for good but not pure iron, 177 lbs. per square 
inch, or 12,420 grams per square centimetre of section. 

It has long been known that when an iron rod is magnetised its 
length is in general slightly increased. Some experiments on this 
effect of magnetisation, an account of which has been given in two 
papers recently communicated to the Royal Society, § show that if the 
magnetisation is carried beyond the point at which the magnetic 
elongation of the rod reaches a maximum, the length of the rod, 
instead of remaining unchanged, steadily diminishes, the curve ex- 
pressing the relation between the length and the magnetising force 
descending in a perfectly straight line which within the limit of the 
experiments shows no tendency to become horizontal. Some further 
experiments (not yet published) have also been made with rings of 
iron instead of rods, and effects of precisely the same character were 

* Physical Society's Beprint of Joule's Papers j also "Phil. Mag.," ser. 4, vol. 3 
(1852), p. 32. 

f The greatest attraction which he succeeded in actually producing was 175 lbs. 
per square inch. 

% « Phil. Mag./ 5 ser. 4, vol. 46 (1873), p. 140, and vol. 48 (1874), p. 321. 

§ " Proc. R>oy. Soc," vol. 40 (1886), pp. 109 and 257. 



1886.] Electromagnets and the Magnetisation of Iron. 487 

obtained. The diameter of a ring was found to be increased by a 
comparatively small magnetising current, and diminished by a strong 
one. Now the retraction in question does not begin to occur until 
after the stage of magnetisation, loosely called the " saturation point," 
has been passed, when, according to the common belief, the magneti- 
sation of the iron has practically reached a limit, and is not sensibly 
affected by any further increase of the magnetic force; and hence 
arises a difficulty in accounting for the phenomenon. The most 
obvious method of explaining the retraction is to assume that under 
the influence of increasing currents the magnetic attraction of the 
particles of the iron towards one another is increased, and thus the 
rod becomes compressed. But this cannot be the case if the magnetic 
condition of the iron has become constant and independent of the 
magnetising current. And a similar objection will apply to any 
hypothesis which assumes (as I think all must) that some pro- 
perty of the iron dependent upon its magnetic condition varies in a 
sensible degree with the magnetising force after the " saturation 
point " has been passed. 

I was led by considerations of this nature to the belief that it would 
be desirable to make some experiments with the view of ascertaining 
whether the lifting power and general magnetic condition of an iron 
rod are as nearly uniform under strong magnetising forces as is com- 
monly supposed. Two pieces of apparatus were therefore prepared. 
The first consisted of a rod of iron hooked at each end and divided 
transversely in the middle, together with a long solenoid, inside which 
the divided rod could be placed. The second was an iron ring cut into 
two equal parts each of which was encircled with a coil of insulated 
copper wire. In both cases the construction was such that an intense 
magnetic force could be produced with comparatively small battery 
power. The divided ring could be used either as a semicircular elec- 
tromagnet with a semicircular armature, or, if the current were passed 
through both coils, as two semicircular electromagnets. 

Merely to test the hypothesis of Joule and Rowland, two or three 
determinations were made of the weight which could be sustained 
when the current was caused to circulate around one only of the semi- 
circles, the other being used as an armature. With a current of 4*3 
amperes the weight supported was 13,100 grams per square centi- 
metre of surface ; with- a current of 6*2 amperes the weight supported 
was 14,200 grams per square centimetre. In the latter case, there- 
fore, the lifting power exceeded that which both Joule and Howland 
considered the greatest that could be imparted to a magnet by an 
infinite current. Had it been worth while to incur the risk of 
injury to the insulation of the coil, there is no doubt whatever that 
by applying stronger currents the lifting power might have been 
carried still further — for there was no indication that a limit was 
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being approached. But it was of greater interest to study the effects 
produced when both portions of the ring or of the rod were under the 
direct influence of the magnetising coil. 

The first experiment was made with the divided rod. One portion 
was supported by means of its hook in a vertical position ; a scale-pan 
was attached to the hooked end of the other portion, and the flat ends 
of the two were brought into contact and surrounded by the solenoid. 
Currents of gradually increasing strength were then caused to pass 
through the solenoid, and note was taken of the greatest weight 
which could in each case be placed in the scale-pan without tearing 
asunder the ends of the two rods. The general results are briefly as 
follow : — When the intensity of the field at the junction had reached 
about 50 O.Gr.S units, the weight supported was nearly 7000 grams 
per square centimetre of the section of the rod. After this value was 
exceeded it became quite evident that the weight which could be 
sustained was increasing more slowly than the magnetising current, 
and the proportionate increase became rapidly smaller as the current 
was made stronger. This state of things continued until the intensity 
of the field was about 270 units, when the weight supported amounted 
to 10,800 grams per square centimetre of section. But from this point 
onwards the magnetising current and the weight that could he carried 
increased in exactly the same proportion. The rate of increase of the 
load was, indeed, comparatively small, but it was perfectly constant, 
and continued so until the field had attained the high intensity of 
1074 C.G.S. units. Here the experiment was stopped, the greatest 
weight supported having been 15,100 grams per square centimetre. 

On account of some uncertainty as to the possible influence of the 
external ends of the divided rod, it was thought desirable to make the 
experiment with the divided ring, the current being caused to pass in 
the same direction through the coils surrounding both portions. The 
general character of the results was the same as before, but the 
weight supported per unit of area was from first to last somewhat 
greater. The falling off in the rate of increase of the lifting power 
was well marked when the intensity of the magnetic force had 
reached 50 O.G.S. units, at which point the weight sustained was about 
10,000 grams per square centimetre, And it continued to diminish 
until the magnetic force was 250 units and the weight supported 
14,000 grams. From this point the increments of lifting power and 
of magnetic force appeared to be exactly proportional, and continued 
to be so until the magnetic force had been carried up to 585 units, 
when the limit of the battery power was reached and the experiment 
stopped, the maximum weight supported having been 15,905 grams 
per square centimetre or 226*3 lbs. per square inch.* 

* As mentioned below, a part of the effect is to be attributed to the action 
between the coil and the iron. If in respect of this we deduct '§^1^ = 912 grams 
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I proceed to describe the experiments in greater detail. 

For several reasons it appeared desirable that the apparatus should 
be on as small a scale as conveniently possible. Accordingly, I chose 
for the rods a piece of iron wire, the diameter of which as measured 
by a micrometer gauge was 2*64 mm. The length of each rod was 
12 cm. when straight, and 10*5 cm. when one end had been bent into 
the form of a hook. The flat ends were rendered as true as was 
possible by means of a lathe with a slide rest, but they were not 
ground. The bobbin consisted of a brass tube 4 mm. in internal 
diameter and 112 mm. in length fitted with ebonite ends. Around 
this insulated copper wire, 0*7 mm. in diameter, was wound in nine 
layers, each layer containing 104 turns. The internal diameter of the 
coil of wire was 6 mm., its external diamater 21 mm., and its length 
between the ebonite ends 99 mm. The magnetic field at its centre 
produced by a current of C amperes was therefore 

4?r x 9 x 104 



9-9 



cos 7° 41' X 10 C = 118 very nearly. 



The coil was fixed in a vertical position beneath a small table. One 
of the iron rods was passed into the coil through a hole in the table 
and suspended by its hooked end from a horizontal brass bar, the 
height of which was so adjusted that the flat end of the iron was 
exactly in the centre of the coil. A scale-pan for carrying the 
weights was attached to the hook of the other iron rod. Around 
each rod near the flat end two or three layers of paper were gummed, 
of sufficient thickness to serve as a guide and ensure that the two 
ends should meet concentrically inside the coil, but not so thick as to 
cause any material friction. 

The source of electricity was a battery of 27 Grove cells, and the 
strength of the current was varied by varying the number of cells in 
use, or when there was only one cell by inserting resistance. The 
current was measured by a tangent galvanometer of Helmholtz's 
pattern (by Elliott), having two rings of thick copper wire. With 
the stronger currents the heating effect was found to be so great that 
the circuit could not be kept closed for more than a fraction of a 
second. This of course did not allow sufficient time to make a 
galvanometer reading. A spiral of bare German silver wire was 
therefore provided of the same resistance as the coil when cold, 
through which the current could be diverted by means of a switch, 
and the galvanometer reading leisurely made. 

The method of proceeding was as follows : — A certain number of 
battery cells having been arranged so that they could be thrown into 

(see Table II, cols. 1 and 2), it appears that the lifting power due to the magnetisa- 
tion of the iron only was 14,993 grams per square centimetre, or 213*3 lbs. per 
square inch.— [July 1, 1886.] 
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circuit with tlie coil by depressing a key, the rod carrying the scale- 
pan was introduced into the coil and held in contact with the fixed 
rod. Weights were then placed in the scale-pan and the key momen- 
tarily depressed, the lower rod at the same time being left free to hang 
or to drop ; and this operation was repeated with various weights in 
multiples of 10 grams until it was found that the further addition of 
10 grams was sufficient to detach the two rods from each other. A 
record having been made of the greatest weight which was supported, 
the current was switched through the German silver wire and a 
galvanometer reading was made with the current both direct and 
reversed. The same process was gone through with currents of 
different strength until the whole number of 27 battery cells had been 
used. 

The results of the experiment are given in Table I, the first columu 
of which shows the intensify of the magnetic field at the centre of 
the coil, and the second the weight supported per square centimetre 
of the section of the rod. In Rg. 1 the weight supported has been 
plotted against the intensity of the field, and it will be seen that the 
curve from |f = 270 upwards, is, within the limits of experimental 
error, a perfectly straight line, which is represented by the equation 
W=5-16 1 + 9563. 



Table I. 



Divided rod. 


Divided ring. 


Magnetic 
force. 


Weight 
supported. 


Magnetic 
force. 


Weight 
supported. 


C.Gr.S. units. 

40 

67 

163 

264 

404 

616 

735 

896 

1010 

1074 


Grrams. 

6,550 

7,640 

9,460 

10,920 

11,650 

12,920 

13,290 

14,010 

14,740 

15,110 


C.Gr.S. units. 
3*9 
5*7 

10-3 

17*7 

22-2 

30-2 

40 

78 
115 
145 
208 
293 
362 
427 
465 
503 
557 
585 


Grams. 

2,210 

3,460 

5,400 

7,530 

8,440 

9,215 

9,680 

11,550 

12,170 

12,800 

13,810 

14,350 

14,740 

15,130 

15,275 

15,365 

15,600 

15,905 
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A point marked on the curve indicates the magnetic force nnder 
which in some experiments with a rod of the same iron retraction 
began. The point corresponding with the maximum magnetic force 
reached in Rowland's experiments is also marked. 

The ring was made of very soft charcoal iron rod 6'4 mm. in 
thickness, the joint being carefully welded. It was turned in a lathe 
to a uniform circular section, and when finished its external diameter 
was 8 cm., and the diameter of its transverse section 4'82 mm. The 
ring was sawn into two equal portions, and the cut faces ground as 
flat as possible, first with fine emery, and afterwards with rottenstone. 
But I was unable to get rid of a very slight convexity which, though 
it perhaps affected the permeability of the ring, was of some advan- 
tage in preventing the possibility of complications arising from non- 
magnetic adhesion. Upon the ends of one-half of the ring pieces of 
thin brass tube 5 mm. in length were fitted : these projected 1 mm. 
beyond the faces, forming shallow sockets into which the ends of the 
other portion of the ring could be inserted, thus insuring exact 
coincidence of the cut surfaces. Each half of the ring was then 
covered with ten layers of insulated wire 0*7 mm. in thickness, the 
radial gaps in every layer being filled with paraffin wax before a new 
layer was wound on. The number of turns of wire upon the portion 
having the brass tubes was 980, and upon the other portion, the ends 
of which protruded about 1*2 mm. beyond the wire, 949. The total 
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number of turns was, therefore, 1929, and when the two halves were 
fitted together the coil was practically continuous. 

The mean radius of the divided ring being 3*76 cm., its mean cir- 
cumference is 23*6 cm. Hence the magnetic force produced by a 
current through the coil of amperes = 102*7 0. 

The experiment was made in the same manner as before, but the 
length of the wire contained in the ring- coil was about twice the 
length of that in the straight solenoid, and in consequence of the 
increased resistance thus introduced and other differences in the con- 
ditions of the arrangement, the greatest magnetic force which could 
be produced by the whole battery of 27 cells did not exceed 585 units. 
On the other hand, it was found possible to obtain satisfactory results 
with smaller currents than could be used in the former case. When 
the magnetic force was less than 40 units the residual or permanent 
magnetism of the divided rod seriously interfered with the observa- 
tions ; but in the experiment with the divided ring, owing partly 
perhaps to the superior quality of the iron, and partly to the difference 
of the arrangement, the magnetic force could be diminished to about 
4 units before the residual magnetism began to be troublesome.^ 

The results of the experiment are given in the third and fourth 
columns of Table I, and plotted in fig. 1 as a curve which from 
|P = 240 is sensibly a straight line represented by W=5*3 f| + 12,800. 

It occurred to me that if an expression could be found which 
would satisfactorily connect the magnetic force and the weight lifted 
with the magnetic intensity of the iron ring, the results above 
obtained might be applied to the investigation of the changes of 
magnetisation which correspond to changes of magnetic force, f The 
common belief that at a comparatively early stage the intensity of 
magnetisation becomes sensibly constant is, I imagine, founded rather 
upon inference than upon actual observation. At all events, I am 
acquainted with no experiments bearing upon the subject which have 
been made with magnetic forces at all comparable in magnitude with 
those used by myself. 

If from a portion of a magnet in which the direction and intensity 
of the magnetisation are uniform there be hollowed out a cavity in 
the form of a thin disk whose plane is noimial to the direction of 
magnetisation, a unit magnetic pole at the middle of the axis 
experiences a force 47rl due to the attraction of the superficial 
magnetism of the disk on the positive side, and the equal repulsion 



* 



If it did in fact exert any material influence before this point was reached, the 
effect was at all events uniform, and not apparently capricious. 

f The expression used by Rowland in the paper before referred to is 
W = Q 2 / 2465500000 kilograms per square centimetre, which translated into C.Gf.S. 
units and the ordinary notation, becomes W = ^ 2 /87r^ grams per square centimetre. 
This is clearly erroneous, 
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of the superficial magnetism of the disk on the negative side.^ In 
calculating the force upon unit of area of one surface of the disk 
itself, we must omit the half due to the surface in question. Thus 
the force becomes 2ttI 3 per unit of area of surface. To this must be 
added the force due to the mutual action of the coil and the iron 

If, therefore, W=the grams weight supported per unit of area, we 
have for the divided ring — 

and by giving to "W and jp the values which have been found by 
experiment to correspond with each other, we have the means of 
finding corresponding values of g and |. These are given in the 
first and second columns of Table II, and are plotted as a curve in 



Table II. 



». 


i. 


K. 


fX. 


i. 


3*9 


587 


151 -0 


1899-1 


7,390 


5'7 


735 


128 


■9 


1621 


•3 


9,240 


10*3 


918 


89- 


1 


1121 


•4 


11,550 


17-7 


1083 


61 


•2 


770 


■2 


13,630 


22-2 


1147 


51 


•7 


650 


•9 


14,450 


30-2 


1197 


39 


•7 


500' 





15,100 


40 


1226 


30' 


7 


386 


•4 


15,460 


78 


1337 


17 


1 


216 


•5 


16,880 


115 


1370 


11* 


9 


150- 


7 


17,330 


145 


1403 


9- 


7 


122 


'6 


17,770 


208 


1452 


7 


•o 


88 


'8 


18,470 


293 


1474 


5 


'0 


64 


•2 


18,820 


362 


1489 


4 


•1 


52 


■7 


19,080 


427 


1504 


3 


•5 


45 


•3 


19,330 


465 


1508 


3 


•2 


41 


•8 


19,420 


503 


1510 


3 


•o 


38 


•7 


19,480 


557 


1517 


2 


•7 


35 


•2 


19,630 


585 


1530 


2-6 


33-9 


19,820 



fig. 1. Here again it will be seen that when g has exceeded the 
value of about 200, the ratio | to g no longer continues to diminish, 
and the curve apparently becomes a straight line, the equation to 
which is — 

|=0-19f + 1418. 

I do not suggest that the portions of both the curves obtained for 
W" and J, and for | and p, which so far as the experiment goes 
differ insensibly from straight lines, would, in fact, continue to 

* Maxwell's "Electricity," vol. 2, §§ 396-9. 
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appear as absolutely straight if they were prolonged indefinitely. 
Assuming the curve of W to be really straight, the curve of |j is 
represented by 

2*$* f f |= (5-3f + 1280(%, 

g^-ia800y +8=6 ^ 

Hence for an infinite magnetic force 

|=5%=5200 C.G.S. units. 

The curve is a hyperbola, an asymptote of which is parallel to the 
axis of ||. 

Similarly, if we assume the curve of | to be a straight line, the 
curve of W must be a parabola. From the experimental results it is 
impossible to determine whether either curve is in fact a perfectly 
straight line. But in neither case do they give any evidence of the 
existence of a limit, and if there is one it must be very much higher 
than it is generally believed to be. 

The third column of Table II shows the values of the coefficient 
of magnetisation or the susceptibility, tc (derived from | = /cp), which 
correspond to different values of ||. 

If H denote the magnetic induction and fi the magnetic perme- 
ability — 

and jn=l + 4i7nc. 

We can, therefore, easily find the values of |J and ^ corresponding 
with different values of J. These values are given in the fourth and 
fifth columns of Table II. 

In connexion with the well-known experiments and views of 
Professor Rowland, the figures thus obtained are of the highest 
interest. In order to exhibit the results of his experiments in the 
form of a curve which (as he believed) would be of finite dimensions, 
Rowland adopted the method of plotting the values of jjl as ordinates 
against those of §) as abscissae, and thus obtained the curve shown by 
a dotted line in fig. 2, which is taken from his paper. The curve was 
carried by actual experiment as far as the point marked X, before 
reaching which it had apparently become an almost perfectly straight 
line. Rowland, therefore, assumed that the line would continue to 
be straight until it met the horizontal axis at a point C, ihe abscissa 
of which would indicate the greatest possible value of |p for an 
infinite magnetic force. He thus arrived at the conclusion that for 
ordinary bar iron the maximum of magnetic induction was about 



1886.J Electromagnets and the Magnetisation of Iron. 495 




17,500 units. For pure iron lie thought it might reach 18,000, or 
even go above that.* 

Now, the magnetic force used in Rowland's experiments was very 
small. The highest value — that corresponding to the point X in the 
curve, fig. 2— being only 65 C.G.S. units. The imaginary part of 
the curve from X to O therefore corresponds to values of |§, ranging 
from 65 to infinity. A part of this exceedingly wide gap is filled by 
my experiments, which include values of |up to 585. A curve 
constructed from the fourth and fifth columns of Table II, showing 
the relation between jh and §, is given on a small scale in fig. 2, 
beside that of Rowland. It corresponds, of course, only with a 
portion of Rowland's curve, the lowest value of g included in it 
being 7390. But it seems to throw much new light on the subject. 
Beginning with a rapid descent it turns aside soon after the limit of 
Rowland's observations has been passed, and ultimately when |j}=- 
19,800 it has become almost parallel to the horizontal axis. The 
latter portion of the curve, from § = 15,100, is given on a larger scale 
in fig. 3. We may conclude then that if §1 has any ultimate limit at 

# In his second paper, however, he says that we have at present no data for 
determining whether § attains a maximum or only f . 
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all it is, at all events, very much higher than that which was assigned 
to it by Rowland.* 

There may, perhaps, be some doubt whether the expression 
used above is exactly applicable to the case of my divided ring, 
and small errors may possibly be introduced by the fact that the 
contact between the opposite faces was not quite perfect throughout.f 
But apart from minute accuracy of detail, the general character of 
the results is entirely free from doubt, and would be quite unaffected 
by a very large margin of uncertainty in the expression. They show 
that the generally accepted ideas with regard to several important 
points need modification. 

Thus it is not true that the lifting power of an electromagnet 
reaches a practical limit under a comparatively small magnetising 
force, and that even if excited by an infinite current it could not 
support a weight of 200 lbs. per square inch of surface. 

It is not true that the magnetisation of iron becomes sensibly con- 
stant when the magnetic force exceeds a certain moderate value. 

And it is not true that the maximum of magnetic induction, if it 
exists at all, is represented by anything like so small a value as 
18,000 units. 

In conclusion, I have to express my great obligation to Lord 
Rayleigh for much valuable assistance and advice in the preparation 
of this paper. 



VII. " On a New Scale for Tangent Galvanometers." By 
W. H. Preeoe, F.R.S., and H. R. Kempe. Received May 6, 

1886. 

Tangent galvanometers are much used for the exact quantitative 
measurement of currents of considerable strength, such as are 
measured in amperes, but they are not so generally used for the 
measurement of smaller currents in milliamperes. This arises from 
a notion that they are not sensitive enough; although the most 
sensitive instrument in practice — Sir William Thomson's mirror 
galvanometer — is really a tangent instrument. The ordinary forms 
— Joule's, Graugain's, or Helmholtz's — are not very sensitive. Their 

# It is hardly necessary to point out that if there is any limit to |§, the suscepti- 
bility, k, must become negative when the magnetic force exceeds a certain value. 
Maxwell appears to have considered this not impossible. See " Electricity," vol. 2, 
§ 844. 

f The close agreement of the values of k in Table II with those obtained in the 
experiments of Stoletow (so far as the latter go) affords strong evidence of the 
accuracy of the method (see "Enc. Brit.," 9th edit., vol. 15 (1883), p. 255). 
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